In this study, as a promising technique for the treatment of both As(III) and As(V) at the same time in a single reactor, a column reactor containing both manganese-coated sand (MCS) and iron-coated sand (ICS), at different configuration of MCS and ICS, was used to treat wastewater contaminated with As(III). Prior to column experiments, batch experiments for the adsorption of As(V) by ICS were performed with variation of solution pH, ionic strength and types of background ions to investigate the effect of these parameters on the As(V) adsorption behaviour. As(V) adsorption onto ICS was quite similar with the variation of ionic strength by using NaNO 3 as a background ion as well as in the presence of different types of background ions except phosphate. The adsorption curves shifted to the lower pH region with the increase of the initial arsenic concentration due to the finite number of adsorption sites on the ICS. For model prediction on the adsorption of As(V) onto ICS, the MINEQL program employing an inner-sphere complexation and a diffuse layer model was used. Model predictions generally agreed well with experimental results. From the column test, column system packed with equal ratio of MCS and ICS was identified as the best system due to a promising oxidation efficiency of As(III) to As(V) by MCS and adsorption of As(V) by both MCS and ICS.
Introduction
Arsenic is generally found as a contaminant in soil and water systems due to various anthropogenic sources, such as mining activity, discharges of industrial wastes and agricultural application, as well as from geochemical reactions (Bhumbla and Keefer, 1994; Kim et al., 2002) . The elevated concentrations of arsenic in the water system originating from the natural source have been attributed to pyritic sedimentary rocks in contact with the aquifer. As arsenic causes serious environmental problems in water systems, and is known as a primary concern to humans exposed to such systems, the World Health Organization (WHO) has recommended lowering the As-drinking water standard to 10 mg/L (WHO, 2001) . Although arsenic has multiple oxidation states (þ5, þ 3, 0 and 2 3), arsenite, As(III) and arsenate, As(V) are the most common in natural environments. Generally, As(III) was the preference species found in sediment or in aqueous phase under anaerobic conditions, while As(V) was found in the sediment under aerobic conditions (Faust et al., 1987) . The speciation and solubility of inorganic arsenic are sensitive to both the redox conditions and pH of the environments, which affects the toxicity and mobility of arsenic in soils (Bowell, 1994; McGeehan and Naylor, 1994; Violante and Pigna, 2002) . Adsorption, coagulation, membranes and electrolysis have been used and identified as promising techniques in the treatment of As(V) in water system (Chen et al., 1999) . However, these processes are partly effective in As(III). Further proper control pH and/or other parameters is needed to achieve optimum removal capacity of arsenic. Additionally, simple and costeffective pretreatment technique to oxidise As(III) to As(V) is required.
Applications of manganese coated sand (MCS) and iron coated sand (ICS) on the removal of As(III) and As(V) were previously investigated with column reactors (Yang et al., 2005; Chang et al., 2007) . It was reported that ICS had an important capacity for the removal of As(III) through adsorption but showed negligible oxidation capacity for As(III). In contrast to ICS, when MCS was used, most fractions of As in the effluent was identified as As(V) due to an efficient oxidation of As(III) by MCS. The results suggest that a filtration system consisting of both MCS and ICS can potentially be used to treat As(III) and As(V) concurrently. However, until now, limited information has been available on the simultaneous treatment of As(III) and As(V) by considering the different configuration of ICS and MCS in a column.
The purpose of the present study was to elucidate the effects of several parameters on the As(V) adsorption onto ICS in a batch reactor with variation of solution pH, ionic strength and types of background ions. Experimental adsorption results were compared with model predictions obtained with MINEQL program by employing the diffuse layer model. Finally, column experiments were performed with variation of the ratio of MCS/ICS to investigate the optimum condition in a dynamic adsorption process.
Materials and methods
Joomoonjin sands, widely used in Korea, having particle sizes ranging from 1.0 to 1.2 mm, were used as the supporting material for iron and manganese. Prior to coating iron and manganese onto the sand, the Joomoonjin sand was pre-washed with 0.1 N HCl for 2 h and rinsed three times with deionised water to remove any impurities. All chemicals were analytical grade. FeCl 3 and Mn((NO 3 ) 2 was purchased from Aldrich Chemicals. The NaNO 3 used to fix ionic strength was obtained from Fisher Scientific. All solutions were prepared with deionised water (18 MV-cm) prepared using a Hydro-Service reverse osmosis/ion exchange apparatus (Model LPRO-20). All bottles and glassware were acid washed and rinsed with deionised water before use.
Preparation of iron-coated sand and manganese-coated sand
In order to prepare MCS, a Mn(NO 3 ) 2 solution (100 mL of 0.1 M), previously adjusted to pH 8 with NaOH solution, was mixed with Joomoonjin sand (100 g) in a rotary evaporator. By rotating the rotary evaporator at 30 rpm in a water bath maintained at 70 o C, the water in the suspension was continuously removed by applying vacuum until approximately only 10% of the water remained in the suspension. The sand was then dried at 150 o C for 1 h to allow stabilisation of the coating process. To remove traces of uncoated (soluble) manganese on the sand, the dried sand was rinsed several times with distilled water and then dried again at 105 o C. In the preparation of ICS, an FeCl 3 solution (100 mL of 0.1 M), previously adjusted to pH 12 with NaOH solution, was mixed with Joomoonjin sand (100 g) in a rotary evaporator. Then, the same procedures used in the preparation of MCS were followed. To determine the content of manganese and iron on sands, the manganese and iron coated onto the sand were stripped using an acid digestion method (U.S.EPA 3050B). After filtration, the dissolved manganese and iron concentrations were measured using an inductively coupled plasma (ICP, Perkin-Elmer Model Optima 2000 DV). The content of iron in the raw sand itself was approximately 2,500 mg/kg. Considering the content of iron and manganese on the raw sand, approximately 3,000 mg/kg iron and 4,000 mg/kg manganese was loaded onto the sand from the coating process. The preparation conditions and coated amounts of iron and manganese are summarised in Table 1 .
Batch adsorption
ICS of 20 g/L was mixed with As(V) concentrations ranging from 6.65 3 10 -6 to 1.33 £ 10 -4 M. All experiments were accomplished at a fixed ionic strength (0.01 M) and at an ambient temperature of 22-25 o C. The initial pH of the ICS suspension was adjusted to between 2 and 10 using 0.01 N HNO 3 and 0.01 N NaOH. The plastic bottles were shaken for at least 24 h to ensure sufficient adsorption time. The pH of ICS suspension was measured again after equilibration and this value was used in this work. After the suspensions were filtered using 0.45 mm filters (Gelman), the dissolved As(V) concentrations in the filtrate were measured using an ICP. The adsorbed amounts of As(V) were calculated from the difference between the total initial As(V) concentration and the total dissolved As(V) concentration.
Column adsorption
Column experiments were performed at a laboratory scale to determine the best column configuration in the removal of As(III) in aqueous solutions through oxidation and/or adsorption. Three different column systems, having different ratios of MCS and ICS in a bench-scale column reactor, were applied at room temperature (23 -25 o C). The column used in this study was prepared by glass, (length 15 cm and internal diameter 10.0 mm). In the column, total 10.0 grams of each ICS and/or MCS were packed; ICS-alone, mixture (3:7, 5:5 and 7:3 ratios of MCS and ICS) and MCS-alone. The pore volume (V o ) of each column was 2.2 mL. The arsenite solution (1 mg/L), initially adjusted to pH 4.5 and having a constant ionic strength at 0.01 M NaNO 3 , was pumped upward through the bottom of the column using an Acuflow Series II high-pressure liquid chromatography pump at a flow rate of 0.4 mL/min. Effluent samples were then received using a Spectra / Chrom CF-1 Fraction Collector. After the samples were filtered with 0.45 mm syringe filters, a portion of sample was applied in the modified anion exchange method (Wilkie and Hering, 1998) in order to quantify As(III) and As(V). The dissolved total As and As(III) was measured using an ICP.
Modelling
The MINEQL program was used to estimate the adsorption trends and to determine surface complexation constants for As(V) onto ICS. Physicochemical characteristics of the ICS used in the model predictions are shown in Table 2 . A diffuse layer model (DLM) was used for model predictions. In this work, ICS surface was assumed as homogeneous and neutral and thus the unoccupied surface sites of ICS can be expressed as Fe-OH. Also, the following acid-base properties of the ICS/water interface were considered:
where Fe 2 OH þ 2 , FeZOH, and FeZO 2 are protonated, neutral and deprotonated ICS surface sites, respectively. All modelling works were accomplished using values of intrinsic equilibrium constants, K s a1ðintÞ ¼ 10 5:1 and K s a2ðintÞ ¼ 10 28:1 determined by titration methods. Surface complexation reactions of As(V) onto ICS as described in Table 3 were used in the modelling study. 
Results and discussion
Batch adsorption Figure 1 shows the removal of As(V) with variations in the initial concentration of As(V) ranging from 6.65 £ 10 26 to 1.33 £ 10 24 M. For all concentrations, As(V) adsorption followed a typical anionic-type, showing a gradual decrease of As(V) adsorption as the solution pH increased. With 6.65 £ 10 26 M (0.5 mg/L) As(V), a complete As(V) adsorption was observed below pH 7. However, in all cases, negligible As(V) adsorption was observed above pH 11. The decrease of As(V) adsorption at higher solution pH is related to a gradual increase of negative charge on the surface of solids because the measured pH zpc of ICS was 6.6, as shown in Table 2 . The similar adsorption trend was reported from the arsenic adsorption onto natural hematite, magnetite and goethite (Giménez et al., 2007) . As the arsenic concentration increased, the adsorption curves shifted to the lower pH region due to the finite number of adsorption sites on the ICS. The solid lines represent model predictions. For all concentrations, the model predictions agreed well with the experimental results over the entire pH range. Figures 2 and 3 , respectively, show adsorption trends of 2 mg/L As(V) at different ionic strength by using NaNO 3 as a background ion and with different types of background ions at constant ionic strength (0.01 M). Even though the ionic strength varied 500 times, As(V) adsorption (2 mg/L As, 20 g/L, pH 4.5) was quite similar. The results indicate that NO 3 is not a potential competing species in the As(V) adsorption onto ICS. Except for using PO 4 3 -, a similar trend of As(V) removal was observed in the use of monovalent and divalent background ions such as NaCl, NaNO 3 , NaClO 4 , Na 2 SO 4 over the entire pH range. The results suggest a Figure 1 Adsorption of As(V) by ICS at various pH range (IS ¼ 0.01 M NaNO 3 , lines represent model predictions) Table 3 Surface complexation reactions used in adsorption modelling employing the diffuse layer model ( strong surface complex between Fe(III) on the surface of ICS and As(V). In contrast, in the presence of PO 32 4 , As(V) adsorption was greatly interfered with due to a competitive adsorption onto the limited surface sites on ICS (9.8 £ 10 25 mol/ L). As PO 32 4 has quite a similar chemical structure compared to AsO 32 4 PO 32 4 might be involved in the competition with As(V) to occupy the finite number of adsorption sites on ICS. The similar inhibition effect was reported from the arsenic adsorption onto iron hydroxides (Jain and Loeppert, 2000; Holm, 2002; Violante and Pigna, 2002) .
Bench-scale column experiments
Figures 4 and 5 show the breakthrough curves of total arsenic and As(III) concentration in effluent, respectively, from three different column systems. In the ICS-alone system, arsenic breakthrough occurred after 100 pore volumes (V/V o ) and then reached a complete breakthrough after 400 pore volumes. After breakthrough of arsenic, most of the arsenic in the effluent was identified as As(III) due to a negligible conversion of As(III) to As(V) by ICS. The operating time and the removed amounts of As(III) up to 50 mg/L Figure 2 Effect of ionic strength on the As(V) adsorption (As(V) ¼ 2 mg/L, pH ¼ 4.5) Figure 3 Effect of background ions on the As(V) adsorption (pH ¼ 4.5, As(V) ¼ 2 mg/L) of arsenic was found in the effluent was 550 min and 0.22 mg, respectively. This amount corresponds to 22 mg As(III)/kg ICS. In MCS-alone system, a rapid breakthrough of arsenic was observed in contrast to ICS-alone. Arsenic breakthrough occurred after 20 pore volumes (V/V o ) and then reached 80% of the initial arsenic concentration after 150 pore volumes. After breakthrough of arsenic, the fraction of As(V) in the effluents was above 90% of the initial arsenic concentration over the entire reaction period due to a good conversion of As(III) to As(V) by MCS. This column result suggests that catalytic activity of MCS for the oxidation of As(III) is valid up to at least 700 pore volumes, which corresponds to the treatment of at least 300 mg As(III) per 1 kg MCS without loss of oxidation power. The column results indicated that MCS had some removal capacity of arsenic through adsorption. However, the major role of MCS is regarded as an oxidant for the conversion of As(III) to As(V). Compared to these two systems, the breakthrough of total arsenic in a column packed with both ICS and MCS was greatly delayed, as well as most arsenic in the effluent also being identified as As(V) similar to MCS-alone, due to a near complete oxidation of As(III) to As(V). Therefore this result suggests that the column system packed with both ICS and MCS is the best column configuration in the treatment of wastewater contaminated with As(III). In this system, removal of As(III) might occur through two mechanisms. First, As(III) is oxidised to As(V) by MCS, then the resultant As(V) is removed through the adsorption process by both ICS and MCS. It is widely known that several types of metal(hydr-)oxides are more effective in the removal of As(V) than that of As(III). From the previous work, the maximum adsorption amount of As(III) and As(V) onto ICS was reported as 94 mg/kg and 165 mg/kg, respectively, at pH 4.5 (Chang et al., 2007) . Also, many researchers reported that natural and synthetic iron oxides were effective in removing As(V) than As(III) (Elizalde-González et al., 2001; Chakravarty et al., 2002; Thirunavukkarasu et al., 2003) .
In order to investigate the stability of iron and manganese on the ICS and MCS, respectively, during the column test, concentrations of iron and manganese in effluents were analysed. Figure 6 shows that dissolution of Mn 2 þ from MCS-alone and from columns packed with both MCS and ICS was greater at an initial reaction time and then slowly decreased. After 200 pore volumes, quite a constant Mn 2 þ concentration (, 1 mg/L) was observed. In the case of iron, the soluble iron was around 0.05 mg/L over the entire reaction period. The released soluble iron and manganese was always below the emission standard (2 mg/L each) in the clean water area in Korea.
In order to find an optimum ratio of MCS and ICS in the packed column, the removal efficiency of As(III) was investigated at three different ratios of MCS/ICS with a total 10 g of MCS and ICS. Regardless of the different ratios of MCS/ICS, the initial breakthrough time of arsenic was quite similar. However, a rapid breakthrough was observed as the ratio of MCS/ICS was above 1 (Figure 7) . The breakthrough pattern of total arsenic in 5/5 and 3/7 ratios of MCS/ICS were not much different over the entire reaction time. However, the concentration of As(III) in the effluent from 5/5 ratio of MCS/ICS was relatively lower than that from 3/7 ratio of MCS/ICS, showing below 50 mg/L over the entire reaction time in this study (data not shown). This is due to the favourable oxidation of As(III) caused by the higher amount of MCS used. Therefore, a 5/5 ratio of MCS/ICS was suggested as the best packing ratio from this study. When a complete breakthrough of arsenic occurred, the total arsenic removed by 5/5 ratio of MCS/ICS was 68.5 mg per 1 kg of filter material. Figure 6 Dissolved iron and manganese concentration in effluent from different column systems (pH ¼ 4.5, 1 mg/L As(III) 0.01 M NaNO 3 )
Conclusions
It was found that As(V) onto ICS was quite similar despite the variation of the ionic strength by using NaNO 3 as a background ion and in the presence of different types of background ions except phosphate. The adsorption curves shifted to the lower pH region with the increase of the initial arsenic due to the finite number of adsorption sites on the ICS. Model predictions on As(V) adsorption using a diffuse layer model generally agreed well with experimental results. In the ICS-alone column system, most of the arsenic in the effluent was identified as As(III) due to a negligible conversion of As(III) to As(V) by ICS. However, in the MCS-alone column system, most fractions of arsenic in the effluent were identified as As(V) over the entire reaction period although an earlier arsenic breakthrough was observed. Compared to these two systems, the column system packed with 5/5 ratio of MCS/ICS was identified as the promising system. Because breakthrough of total arsenic was greatly delayed as well as most arsenic in the effluent was also identified as As(V) similar to MCS-alone1. From this research, MCS and ICS was identified as a good filter material in the removal of As(III) through a promising oxidation efficiency of As(III) to As(V) by MCS and adsorption of As(V) by both MCS and ICS.
